Searching for new resonances and finding out their properties is an essential part of any existing or future particle physics experiment. The nature of a new resonance is characterized by its spin, charge conjugation, parity, and its couplings with the existing particles of the Standard Model. If a new resonance is found in the four lepton final state produced via two intermediate Z bosons, the resonance could be a new heavy scalar or a Z boson or even a higher spin particle. In such cases the step by step methodology as enunciated in this paper can be followed to determine the spin, parity and the coupling to two Z bosons of the parent particles, in a fully model-independent way. In our approach we show how three uni-angular distributions and few experimentally measurable observables can conclusively tell us about the spin, parity as well as the couplings of the new resonance to two Z bosons.
I. INTRODUCTION
With the recent discovery of the 'Higgs' boson [1, 2] , all the ingredients of the standard model of particle physics (SM) have been found. However, we do know that the SM does not fully explain the whole of the nature at its most fundamental level. For example, the problem of naturalness, the existence of extremely small masses for the neutrinos required to explain the observed neutrino oscillations, the abundance of matter over anti-matter in our observable universe, the constituents of dark matter (which is about five times more abundant than the ordinary matter) are a few of many issues which can not be handled in SM. So SM encompasses an incomplete description of nature and hence it must be supplemented or extended with some other hitherto unknown new physics. Any model of new physics invariably includes new interactions and thus many new particles. In order to have a comprehensive view of new physics it is therefore essential to look for new fundamental particles in experiments such as the Large Hadron Collider (LHC) or in the proposed future experiments such as the International Linear Collider (ILC). It is however important to have model independent methods at place to characterize resonances that would be observed in these high luminosity and high energy experiments. This paper is a step forward in that direction.
Similar idea was espoused in Ref. [3] in connection with the 125-126 GeV 'Higgs' resonance. Since the 125-126 GeV 'Higgs' was found to decay to two photons, the spin-1 possibility in this case was ruled out using Landau-Yang theorem. This paper, however, is a completely theoretical analysis and we do consider the spin-1 possibility here. The decay of a resonance to four leptons via a pair of Z bosons is considered as the gold plated mode for discovery of any resonance in a hadron collider such as LHC. This mode can be used to search for many new resonances, such as a heavy scalar resonance, a Z boson or a Kaluza-Klein boson or a massive graviton. Hence all the spin possibilities must be considered. We analyse the decay of a resonance (say, X with spin J) via this golden channel: X → Z 2 ), where 1 , 2 are leptons e or µ. Since we are considering an unknown particle with unknown mass, it may be heavy enough to produce two real Z bosons or we can have one on-shell Z and another off-shell Z, or both the Z's can be off-shell. We emphasize that the final state (e ). Since X decays to two Z bosons which are vector bosons, X can have spin possibilities J = 0, 1, 2. Higher spin possibilities (J 3) need not be considered as the number of independent helicity amplitudes remains three (for higher odd integer spins) or six (for higher even integer spins), and the only change in the amplitude comes from extra powers of momentum of the Z bosons [4]. This was shown by an example in [3] . In this paper we examine the angular distributions for the different spins J = 0, 1, 2 and parity of such a new resonance X and present a strategy to determine them, as well as the couplings of X to the pair of Z bosons with the help of a few well defined experimental observables.
We start by considering the most general effective Lagrangian for each spin possibility of X decaying to two Z bosons and then write down the corresponding decay vertices. We evaluate the partial decay rate of X in terms of the invariant mass squared of the dileptons produced from the two Z decays and the angular distributions of the four lepton final state. We demonstrate that by studying three uni-angular distributions one can almost completely determine the spin and arXiv:1408.5665v1 [hep-ph] 25 Aug 2014 parity of X and also explore any anomalous couplings in the most general fashion. We provide some experimental observables that can be tested to predict whether the resonance is a parity eigenstate or not irrespective of its spin. Then we analyse the nuances of differences in the uni-angular distributions which we take into consideration for separating each of the spin, parity possibilities. For this we express our uni-angular distributions in terms of helicity amplitudes in the transversity basis which are very effective in their sensitivity to the parity of the parent particle. We find that the J = 1 possibility can be easily distinguished from the J = 0, 2 possibilities since the uni-angular distributions for J = 1 are completely predictable.
Nelson [5] [6] [7] and Dell'Aquilla [6] realized the significance of studying angular correlations in such processes as Higgs (J = 0) boson decaying to a pair of Z bosons for inferring the nature of the Higgs boson. Refs. [8] [9] [10] [11] were first to extend the analysis to include higher spin possibilities. We study similar angular correlations in this paper to unambiguously determine the spin and parity of any new resonance decaying to four leptons via two Z boson. We begin the study by considering the most general XZZ vertices for J = 0, J = 1 and J = 2 resonance X. Then we find out the effective Lagrangians and uniangular distributions in terms of different observables for each spin possibilities and layout a procedure to identify them.
Decay of a resonance into two Z bosons which then decay into four leptons has been well studied in literature for different spin possibilities. For example Refs. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] as well as Refs. [8] [9] [10] [11] discuss extensively coupling of X to two Z bosons for different spin possibilities as well as how to determine the spin-parity of a new resonance decaying into four leptons via a pair of Z bosons.
A few words about the notation followed in this paper is noteworthy. Since our aim in this paper is to get an insight into the spin and parity of the resonance under consideration, the notation has been carefully designed in such a way that at any stage in the paper one would have no difficulty in recognizing the terms (in Lagrangian or vertex factor or amplitude) which contribute for even and odd parity cases. We use e ) for parity-even (parity-odd) coupling constants, form factors and helicity amplitudes respectively for spin J case in general. All the notations are described when they are introduced in the paper.
Sec. II deals completely with the stepwise building of the theoretical analysis. In subsection II A we write down most general Lagrangian and corresponding vertex factor for each possible spin. Partial waves and helicity amplitudes are discussed in subsection II B for the different possible spin cases. Transversity amplitudes and uni-angular distributions for each of the spin possibilities are analyzed in subsections II C and II D respectively. We summarize in Sec. III emphasizing the importance of our results.
Center-ofmomentum frame of
Definition of the polar angles (θ 1 and θ 2 ) and the azimuthal angle (φ) in the decay of X to a pair of Z's, and then to four charged leptons:
, where 1 , 2 ∈ {e, µ}. It should be clear from the figure that k 1 = − k 2 and k 3 = − k 4 . The lepton pairs are reconstructed in their respective center-of-momentum frames. The angle between the two decay planes is the angle φ.
II. ANALYSIS OF THE DECAY OF A RESONANCE TO FOUR FINAL CHARGED LEPTONS VIA TWO Z BOSONS
Let us consider the decay of X to four charged leptons via a pair of Z bosons:
where 1 , 2 are leptons e or µ. As mentioned in the introduction we assume 1 and 2 are not identical. The kinematics for the decay is as shown in Fig. 1 . The resonance X at rest decays to two Z bosons (none of them or either of them or both of them can be on-shell depending on the mass of X) Z 1 and Z 2 moving along the +ẑ and −ẑ directions with four-momenta q 1 and q 2 respectively. The decays of Z 1 and Z 2 are considered in their respective rest frames. The angles and momenta involved are as described in Fig. 1 . The four-momentum of X is defined as P: P = q 1 + q 2 . We also define Q = q 1 − q 2 . We choose Z 1 to decay to lepton pair ± 1 with momenta k 1 and k 2 respectively and Z 2 to decay to ± 2 with momenta k 3 and k 4 respectively. We define two unit normals n 1 and n 2 to the planes containing k 1 , k 2 and k 3 , k 4 respectively by
Thus the azimuthal angle φ can be specified unambiguously by
We begin the study by considering the most general XZZ interaction Lagrangians for a J = 0 , a J = 1 and a J = 2 resonance X. From the Lagrangians we find out the most general XZZ decay vertex factor for each spin possibility.
A. Most general interaction Lagrangian and Vertex factor for the decay X → ZZ Considering Lorentz invariance one can write down the most general interaction Lagrangian for the decay of X to two Z bosons. The Lagrangian depends on the spin of the parent resonance X. We denote the most general Lagrangian for spin-J resonance X decaying to two Z bosons by L (J) XZZ . The Lagrangians for the allowed spin possibilities are given by
µνZ µα
where e are the effective coupling constants for a specified spin J of the parent particle that come with the parity-even and parity-odd parts of the Lagrangian respectively;
µ , X (2) µν are the scalar, vector and tensor fields for the corresponding spin possibilities of the particle X; the tensor X (2) µν is a symmetric, traceless and divergenceless tensor; Z α is the vector field for the Z boson; and X (1) µν ,X (1) µν , Z µν ,Z µν are defined as
It is noteworthy to clearly emphasize that the two quantities X (1) µν and X (2) µν must not be confused. The quantity X (1) µν is antisymmetric under the exchange of µ ↔ ν, but X (2) µν is symmetric under the same exchange. Given the most general effective Lagrangian for each of the spin possibilities, it is imperative that one finds out the effective vertex factors from it. Using the effective vertex factors one then proceeds to find out the angular distributions for each of the spin possibilities, which are finally used to distinguish the different cases of spin and parity.
Analyzing the effective Lagrangians given in Eqs. (5), (6) and (7) we can write down the following vertex factors for each of the spin possibilities of X:
where
i are the form factors which are associated with terms that are even and odd under parity respectively, and are related to the effective coupling constants e
i (as given in Appendix A). It is important to notice that the terms proportional to the Levi-Civita tensor αβµν are the terms that are odd under parity in the vertex factors for spin 0 and 2, but not in case of spin 1. This can be easily explained by the fact that in case of spin 1 there are three polarization vectors that come into picture, which in association with the Levi-Civita tensor and the momentum Q give rise to a triple product. This triple product involves the three polarizations and is even under parity. Thus the term with Levi-Civita tensor carries the even form factor in case of spin 1 instead of the usual odd form factor. Moreover, the imaginary i remains with the Levi-Civita tensor to keep the vertex factor even under time reversal.
It is noteworthy that in Ref. [3] , the notation used is slightly different from the ones used here. In order to go to the notation used in Ref [3] , the following substitutions are necessary:
1 → A, E
2 → B, E
3 → C, E
3 → G. The Lagrangians and vertex factors for the different spin possibilities have also been considered in the literature before [8-11, 20, 22-25] . Our approach differs from these works by isolating the parity-even and odd terms explicitly, such that the uniangular distributions can be profitably used for characterizing the spin and parity of the particle. It is important to notice that there is no contribution from o 2 to the vertex factors. In order to understand this let us have a look at the terms X (1) µν andX (1) µν which come in association with o respectively. Under µ ↔ ν exchange both X (1) µν andX (1) µν pick up a relative negative sign. However, the Z µ Z ν part is symmetric under the µ ↔ ν exchange, as it should be for the case of two identical Z bosons. So considering Bose symmetry of the two daughter Z bosons, it is clear that the terms o Before we embark upon the journey to find out the differential decay rate or the uni-angular distributions, it would be nice to have some physical understanding of the process under consideration. Analysing the decay X → ZZ in terms of the helicity amplitudes and partial waves offer valuable insight to the understanding of the process.
B. Helicity amplitudes and partial wave contributions for the decay X → ZZ If we specify the polarizations of the initial and final particles, then the Feynman amplitude or transition amplitude can always be written in terms of helicity amplitudes. We shall represent the polarisation state of a particle by a ket spin, spin projection to z axis . Then the Feynman amplitude for the process
is given by the well known expression [26, 27] 
is the Wigner-D function, and A λ 1 λ 2 is called the helicity amplitude. Conservation of angular momentum implies that
Since there are no interferences amongst the amplitudes with different helicity configurations, we will have to sum over all the allowed values of λ 1 and λ 2 that are not constrained by the value of J z after squaring each individual amplitude:
Thus the probability of contribution of the helicity amplitude
We can therefore write down the following important fact of the helicity amplitude formalism: All the allowed helicity amplitudes for a given decay process contribute, but with different definite probability, to the Feynman amplitude, irrespective of the polarization of the parent (decaying) particle. The probability, however, depends on the polarization of the parent particle and for all allowed helicity amplitudes is non-zero. Since the two Z bosons are Bose symmetric, the helicity amplitudes satisfy the relation
This relationship is useful in getting the correct number of independent helicity amplitudes. All the allowed helicity amplitudes in the decay X → ZZ are given in Table I where N denotes the total number independent helicity amplitudes possible for the particular spin case.
Spin of X Allowed Helicity Amplitudes N 0 It is also known that, if the particle X were a parity eigenstate with eigenvalue η X = +1 (parity-even) or −1 (parityodd), then the helicity amplitudes are related by:
The allowed helicity amplitudes for the different spin-parity possibilities can thus be related and are given in Table II . It is clearly evident from above that for the spin-0 case out of the three helicity amplitudes two describe the parity-even scenario and only one describes the parity-odd scenario. Similarly, for spin-1 both parity-even and parity-odd cases are described by one helicity amplitude each. For spin-2 case, we have four helicity amplitudes describing the parity-even scenario and two helicity amplitudes for the parity-odd scenario.
If we now make a change of basis from the helicity basis to the transversity basis (also called as linear polarization basis), then the number of independent transversity amplitudes must be equal to the number of helicity amplitudes, and all the allowed transversity amplitudes would contribute with definite probability to the Feynman amplitude irrespective of the polarization of the parent (decaying) particle.
Let us now analyse the decay process from the point-ofview of partial wave decompositions. If we describe the two Z boson system by a ket specifying the total spin (L spin ), the relative orbital angular momentum (L orbital ), the spin of the parent particle (its J here) and its projection along the direction of flight of one of the Z bosons (
whereP 12 is the operator that exchanges the two Z bosons (it exchanges both their momenta and spins or polarisations), L orbital and L spin are the modulus of L orbital and L spin respectively. It is obvious that for Bose symmetry to be satisfied L orbital + L spin must be even. The allowed partial waves for the decay X → ZZ are enunciated in Table. III. It is easy to observe that when X has spin-0, then there are three helicity amplitudes and three partial wave contributions (one S -wave, one P-wave and one D-wave). When X has spin-1, then there are only two independent helicity amplitudes and two partial wave contributions (one P-wave and one D-wave). Finally when X has spin-2, then there are six independent helicity amplitudes and six partial wave contributions (one S -wave, one P-wave, two D-waves, one F-wave and one G-wave). It is interesting to note that for the spin-0 case the vertex factor has three form factors, for spin-1 case there are two form factors. However, for the spin-2 case we have eight form factors in the vertex factor instead of six. So one needs to consider only six form factors out of which four should be of parity-even nature and two should be of parity-odd nature. Out of the four parity-odd form factors, only O C. Helicity amplitudes in the transversity basis for the decay X → ZZ Helicity amplitudes in the transversity basis in which we are going to work have a very special property: the helicity amplitudes are now sensitive to the parity of the resonance X. Thus our helicity amplitudes have distinct and unambiguous parity signatures. We shall denote those helicity amplitudes which have parity-even form factors as A , where the superscript (J) denotes the spin of the parent particle X. Ignoring the lepton masses in the final state, we get the following helicity amplitudes for the different spin possibilities of X:
where M X is the mass of the resonance X, M 1 is the invariant mass of the 
being the Källén function, D 1 and D 2 being given by
with M + , M − , µ 2 and ν 2 being given by
It is noteworthy that considering the vertex factors with form factors E
1 , E
2 , E
3 , E
4 , O
1 and O
2 suffice to provide the most general angular distribution for the spin-2 case. Including the form factors O It is again noteworthy that the amplitudes used here are notationally different from the amplitudes used in Ref. [3] for better clarity of their physical content. By making the following substitutions
and ν 2 → w, one can go back to the notations used in Ref. [3] . The notations M ± , µ and ν have been introduced to make the power counting of mass dimensions easy.
D. Uni-angular distributions for the decay
Using the helicity amplitudes defined in Eqs. (21), the uniangular distributions w.r.t cos θ 1 , cos θ 2 and φ can be written in a unified notation for all the allowed spin possibilities of X as follows:
2π
i , and V (J) i are the coefficients of P i (cos θ 1 ), P i (cos θ 2 ), cos(iφ), and sin(iφ) respectively with P i (x) being the i'th Legendre polynomial in x. These coefficients can easily be obtained from the uni-angular distributions by means of the following asymmetries:
The differential decay width Γ (J) f is defined as
where the factor N
is given by
with S
being the factor that comes from summing over initial spin states, i.e. S (J) = 1, 
The expressions for the coefficients T
are given in Appendix C. Looking at the uni-angular distributions it is easy to find that for any spin case, the coefficients T 2 are the interference terms between the parityeven and parity-odd terms. So if the resonance X were to be a parity eigenstate, these interference terms must vanish irrespective of the spin of X. Therefore, the conditions for X to be a parity eigenstate are
Now it is again easy to observe that for spin-0 case the coefficients T 
For the different spin possibilities we have
It is clear that we can never have ∆ = 0, which is an unphysical condition to satisfy as it totally obliterates the vertex factor itself. Requiring that ∆ (2) = 0 for all values of M 1 and
Thus it leaves out two form factors in the vertex factor, namely E (2) 3 and E (2) 4 . This case constitutes a very special case of the spin 2 scenario and all its uni-angular distributions are completely indistinguishable from the corresponding angular distributions for a parity even spin-0 resonance. A closer look at the helicity amplitudes for these two cases, J P = 0 
3 .
Looking at the spin-1 case we find that the coefficient U
1 . And hence this term can be used to identify the parity of the spin-1 resonance.
We can thus find out a step-by-step methodology that can be followed to uniquely predict the spin and parity of a resonance decaying to four final charged leptons via two Z bosons. This is given in Fig. 2 .
III. CONCLUSION
We conclude that by looking at three normalized uniangular distributions, for the decay of a resonance to four charged final leptons via two Z bosons, one can infer to a fairly good accuracy the spin and parity of the parent particle. We show that it is possible for a special 2 + resonance to give angular distributions comparable to those of a 0 + resonance. It is in this special case that one needs to study the Y 2 dependence of the helicity amplitudes in order to distinguish the two cases. Since the spin-1 case has only two helicity amplitudes, it needs minimum number of observables to get confirmed or ruled out. We have also provided a step-by-step methodology that must be followed to distinguish the various spin, parity possibilities that are allowed in the case under consideration. It would therefore be not an overstatement to say that this method can play a crucial role in discovering the spin-parity nature of any new resonance, such as a heavy scalar boson or a Z boson or a Kaluza-Klein boson or any such resonance, found to decay to four final charged leptons via two Z bosons. (which enter the vertex factors in Eqs. (12) , (13) and (14)) are related to the effective coupling constants e (6) and (7)) in the following manner
2 − e
3 + e
4 − 2e 
where the previous O
1 is now replaced by O
3 . Note that only this combination of the two form factors would be accessible to any experiment. Moreover, all other helicity amplitudes remain unchanged. In the vertex factor of Eq. (14) the term which is proportional to O (2) 4 can be rewritten using Schouten identity as follows:
Thus the form factor O
4 can be absorbed into the existing form factors O 
4 .
The remaining contribution of O
4 is proportional to P · Q. Since P · Q is not Bose symmetric, this term does not contribute to our vertex factor. Therefore the effect of including the O 
4 ,
2 +
Since we cannot have more than six helicity amplitudes for the spin-2 case, and we already have six form factors in the vertex factor, any additional form factor that we introduce in the vertex factor must come in association with the existing form factors, as proved here. .
Here η is defined as
with v = 2I 3 − 4e sin 2 θ W and a = 2I 3 . In the present case v = −1 + 4 sin 2 θ W and a = −1. Substituting the value sin 2 θ W = 0.231, we get η = 0.151.
